For a number of years, investigations have been carried on in this laboratory with the purpose of obtaining more accurate data than are now available concerning the absorption of ions by different plants under carefully controlled conditions. It is hoped that studies of this type may lead to a better understanding of the absorption processes as influenced by hydrogen ion concentragon, by different concentrations of nutrient and of sodium salts, as well as by the environmental conditions of light and temperature. As part of these experiments, examinations have been made of the juices expressed from plants grown in definite culture solutions. It has been frequently pointed out, however, by Osterhout 1 and others that the juices expressed from complex plant tissues do not represent an unaltered cell sap, because in crushing the cells, the sap may be changed as a result of adsorption, or chemical reaction, or because of admixture with intercellular substances. Moreover, the pH of such sap may be greatly influenced by the liberation of materials stored up in dead or special cells, as is the case in various cltrus-fruits.
(From the Division of Plant Nutrition, College of Agriculture, University of
California, Berkeley.) (Received for publication, February 4, 1923.) For a number of years, investigations have been carried on in this laboratory with the purpose of obtaining more accurate data than are now available concerning the absorption of ions by different plants under carefully controlled conditions. It is hoped that studies of this type may lead to a better understanding of the absorption processes as influenced by hydrogen ion concentragon, by different concentrations of nutrient and of sodium salts, as well as by the environmental conditions of light and temperature. As part of these experiments, examinations have been made of the juices expressed from plants grown in definite culture solutions. It has been frequently pointed out, however, by Osterhout 1 and others that the juices expressed from complex plant tissues do not represent an unaltered cell sap, because in crushing the cells, the sap may be changed as a result of adsorption, or chemical reaction, or because of admixture with intercellular substances. Moreover, the pH of such sap may be greatly influenced by the liberation of materials stored up in dead or special cells, as is the case in various cltrus-fruits.
The observations of Wodehouse 2 and of Crozier a on Valonia directed the attention of the writers to the possibility of extending the scope of our information through the study of the vacuolar sap obtained from individual plant cells. At the suggestion of Dr. N. Gardner of the Department of Botany, we have used the fresh water alga Nilella after their removal from the pond water. Only healthy cells were included, as far as could be judged from turgidity and general appearance. A sample of the water in which the plants were growing was also taken at the same time, and this was analyzed by procedures comparable to those adopted for the sap. The results of the analyses, as well as pH values, resistances, and freezing point depressions are cited in Table I .
Clearly every element was present in the sap in very much higher concentration than in the surrounding medium, but the factors of concentration are strikingly different for the different elements. Potassium, chlorine, and sodium have higher factors than sulfate, calcium, or magnesium. The concentration of potassium actually dissolved in the pond water must have been exceedingly small (no weighable precipitate with platinum chloride was obtained from a 200 cc. sample), but replacement from suspended colloidal material could take place as fast as absorption by the plant proceeded. The sodium determination is, of course, less accurate than the others, and subsequent analyses gave higher values. Variations also occurred with calcium and magnesium. These are explained possibly by the variations of sap composition with cells of different sizes, and by the different solutions in which the cells were kept at the laboratory. It should be noted, however, that the general relations of the ions and the magnitudes of concentration for potassium and chlorine were quite similar, except where the cells were placed in special solutions for studies on absorption, to be referred to presently.
Several points of difference are found between the composition of Valonia sap as reported by Osterhout, 1 and that of Nitella. In the latter, no appreciable quantity of nitrate was found (although 34 parts per million were present in the pond water), while the Valonia sap contained more nitrate than the sea water. Practically no sulfate was found in Valonia, but very definite quantities were found in the Nitella sap. Magnesium was found in Valonia only in traces. The conductivity of the Nitella sap was twenty-five times as great as that of the surrounding water, which is a far greater difference than that existing between Valonia sap and sea water. This comparison is in agreement with Osterhout's observations on the conductivity of Nitella sap.
That the major portion of the inorganic elements of Nitella sap exists in ionic state, seems to be a necessary conclusion from the measurements of conductivity, which showed that the sap had a conductivity slightly greater than that of an 0.1 N KC1 solution, as well as from other considerations presented below. Moreover, if the positive and negative ion equivalents are compared, it is possible to balance 80 to 90 per cent of the positive ions by negative ions as determ{ned. The remaining equivalents of negative ions may very plausibly be ascribed to organic acid anions.
With regard to the phosphorus, the quantity obtained by direct precipitation with the phosphomolybdate reagent was as great as that found when the sap was evaporated and the residue ignited with MgO. The sap yielded a precipitate of BaSO, directly on the addition of BaC1,. The sap from individual cells of normal appearance also gave mlcrochemical tests for sulfate. These observations suggest that the phosphorus and sulfur were present in ionic state, and that the presence of sulfate in Nitella sap is not an indication of injury, as seems to be the case with Valonia.
An artificial solution was then prepared to imitate the inorganic content of the sap, except for the undetermined organic anions and the equivalent positive ions. The conductivity of this solution was compared with that of the sap with the following results. The two values are evidently very similar, but the sap possesses an approximately 20 per cent greater conductivity than the salt mixture, the discrepancy being attributable mainly to the undetermined ions omitted from the artificial solution.
The freezing point depression of the sap was 0.465°C., and that of a KCl solution of the same conductivity, 0.395°C., or 85 per cent of the total.
The total solids were determined and the organic matter estimated by just charring the residue, extracting with water, and then heating the insoluble part very carefully at a low temperature to drive off the carbon. The total volatile matter was less than 25 per cent of the total solids. The total nitrogen of the cell sap was determined and found to be only 160 parts per million. Nitrogen partitions on expressed sap indicated that amides, amino-acids, and very small proportions of ammonia were in solution in the sap.
From these various considerations, it is reasonable to conclude that no important portion of the inorganic elements contained in the sap is held in organic combination or in non-dissociated form. A similar conclusion has been stated very recently by Osterhout with reference to potassium and certain other inorganic elements of Valonia sap.
Some interest may also attach to the determinations of the inorganic elements held in insoluble form in the cell wall or protoplasm. A mass of cells of healthy appearance (previously placed in peat extract to remove calcium salts adhering to the surfaces of the cells) was sub- jected to the pressure of a screw-press, and the sap removed as thoroughly as possible. The residue was then washed many times with distilled water, and was also subjected to the action of a direct electric current. After removal of all excess water, the moist cake was dried and ashed at a low temperature. This ash was then analyzed, the data so obtained being shown in Table II . It is perhaps of some significance that calcium is the chief constituent of the ash. Probably most of the calcium, magnesium, and sulfur existed in the cell residue in organic combination, but no potassium could be detected. No examination was made for sodium. Appreciable quantities of silica were found in the residue, but none in the sap. Iron and aluminum were both present in the cell residue in appreciable quantities.
Since the sap from the large Nitella cells may be obtained practically uncontaminated, an opportunity is offered for comparing the cell sap with the juices expressed from the whole mass of cells. To accomplish this comparison, large cells were selected, all from the same jar of tap water. From one portion, the sap was collected from individual cells in the manner already described, while the other portion, made up of cells of sizes similar to those of the first portion, was pressed as thoroughly as feasible with a screw-press. This expressed juice was filtered clear, and both the cell sap and the expressed sap were examined for conductivity and for Ca, Mg, K, and C1 (Table III) .
The conductivity measurements showed that the expressed sap was T A B L E I I I , 1.5 times more dilute than the unchanged cell sap. The concentrations of chlorine and potassium were almost in the same proportion as the conductivities. In other words, the sap was diluted to that extent with regard to these elements, this dilution being caused, in large part, no doubt, by the water adhering to the outside of the cells which it was not feasible to remove completely. Magnesium, however, is found to be in distinctly less concentration in the expressed sap than would be indicated by the relative conductivities. To a less degree, possibly the same is true of calcium. Evidently the magnesium adsorbed can be removed by sufficiently drastic washing, as already noted. It may be added that it is quite possible that preliminary freezing would have lessened the adsorption of magnesium and calcium.
Comparison of Sap from Individual Cells and Expressed

Hydrogen Ion Concentration of Sap.
The hydrogen ion concentration of the sap was determined by the indicator method and by the hydrogen electrode. In a comparative test of one sample of sap, the former method gave a value of pI-I 5.2, the latter pH 5.1. A large number of individual cells were also examined by a spot plate method. Out of several hundred apparently normal cells tested, less than a dozen varied in their reaction from pH 5.2 within the experimental error (from 0.1 to 0.2 pH). The extreme limits were 4.8 to 5.8. The pH values of different Valonia cells as reported by Crozier 3 showed less constancy.
In order to determine whether the hydrogen ion concentration of the sap could be changed easily, cells were placed in culture solutions adjusted to different pit values, and after a period of several days, tests were made of the reaction of the sap from numerous cells removed from the different solutions. The results are noted in Table IV . On the alkaline side, the plants, during the active period of photosynthesis, changed the reaction of the tap water to pH 9.4 or greater. Thus, the total range of hydrogen ion concentration of the media included in the observations was from pI-I 3.8 to 9.4+, yet under the conditions of the experiment, no appreciable change of ptioccurred in the cell sap, except below pH 5, and at the lower values the cells were unquestionably injured. In general, it was found that any appreciable change of reaction in the cell was accompanied by injury. In such cases, some chlorine always diffused out of the cell. In fact, this exosmosis of chlorine seemed to be a delicate test for injury or altered permeability, since excretion of chlorine could often be demonstrated some time before there was any other visible indication of abnormality. The maintenance of an approximately constant hydrogen ion concentration in plant cells of this type may reasonably be supposed to be of great significance to normal functioning, in view of Loeb's findings on the importance of the relations between proteins and the pH values of the solution. As already stated, Crozier found the reaction of the sap from different Valonia cells less constant than that of Nitella, as observed by the writers; but he concludes that the reaction of the Valonia cells bears no definite relation to the reaction of the outside medium. 
Artificial salt mixture and barley
The juices expressed from plant tissue have been shown by Haas, 8 Hempel, 9 and others to possess a considerable buffer effect. It seemed probable that the Nitella sap also was buffered and a titration was carried out in the customary manner with the aid of a hydrogen electrode (Fig. 1) . In addition, a similar titration was made on the 8 Haas, A. R. C., Soil Sc., 1920 , ix, 341. 0 Hempel, J., Compt. rend. tray. Lab. Carlsberg, 1917 salt solutlon partially imitating the cell sap. For comparison, a titration of the juices expressed from actively growing barley plants is also included. The buffer effect of the Nitella sap is very appreciable and greater than that of the salt mixture from which was omitted a certain proportion of cations in equilibrium with unknown organic anions. These latter compounds must also have contributed to the buffer system, as well as the phosphates. The titration value of the expressed barley juices greatly exceeded that of the Nitella sap. It may be stated, incidentally, that the reaction of the latter was not subject to change by C02.
Absorption of Ions by the Cell.
The question was then considered whether the concentrations in the cell sap of the various ions other than hydrogen or hydroxyl could be readily increased by increasing their, concentrations in the outside solution. Several experiments designed to yield some evidence bearing on this point are reported in Table V . The data, while only preliminary, point to increased concentrations of certain ions in the cell sap when the cells are in contact for a sufficient period of time at suitable temperatures with solutions having increased concentrations of the ions in question. The potassium and chlorine ions in the cells immersed in 0.005 and 0.01 molar solutions of potassium chloride plus calcium salt, are much higher in concentration than in any of the cells from tap water. The nitrate ion, however, under the conditions of these experiments, was not found to penetrate into the cell sap in any significant quantity with solutions of the concentration indicated, and of alkaline reaction. Frequently, no test with diphenylamine could be detected, even when the cells were immersed for long periods in nitrate containing (0.001 M to 0.005 •) solutions. The test,when present, was slight. Control tests showed that very minute quantifies of nitrate added to the sap gave a deep color with the reagent.
In certain experiments conducted by Theron 1° and by the writers on the absorption of NO, ion by higher plants, it has been determined that, all other conditions being equal, the removal of NO~ is significantly more rapid from slightly acid solutions than from slightly to Theron, J. J., Univ. California Pub. Agric. Sc., 1923, (in press ). alkaline solutions, and was accompanied by superior plant growth in the former case. We were, therefore, desirous o f taking advantage of the opportunity afforded b y the use of Nitella to examine directly in showing that the reaction of the media had a determining influence on the absorption of nitrate into the cell sap. The solutions were buffered with phosphate and contained 0.005 M NOa as KNOv The penetration of nitrate occurred readily at pH 5.0 to 6.0, less readily at pH 7.2; and at pH 8.5, practically no penetration occurred during the period of the experiment. This conclusion was reached both from tests on the sap with diphenylamine reagent and from quantita- tire estimations made by the phenoldisulfonic acid method, alumina cream being used as a clarifying agent (Table VI) . Irwin 6 has reported in a note recently published that the penetration of the dye, brilliant cresyl blue, is very greatly affected by the hydrogen ion concentration of the solution.
Influence of Hydrogen Ion Concentration on Penetration of NO~ into
In connection with the absorption of nitrate, it may be worth~while to state that a deep blue color was nearly always developed when the whole cell was dipped in the diphenylamine reagent, even when the cell sap gave no test. It is possible that nitrate, combined in some way in the cell wall or protoplasm, is freed by the sulfuric acid of the reagent, although it is difficult to prove that some other oxidizing substance might not give a similar test. A careful analysis was made up of a sample of expressed sap by the zinc-copper reduction method for nitrate, blank determinations being made at the same time. Very closely agreeing duplicate analyses indicated that small amounts of nitrate were present in the expressed juice (an average of 5.9 parts per million nitrate nitrogen). It would seem that the possibility exists that nitrate may form some sort of initial combination in the cell wall or protoplasm, and that this combination and also the penetration of NOa into the cell sap are influenced by the hydrogen ion concentration of the solution. It may be emphasized here that the solutions employed in these experiments were much more dilute than those generally used in studies on antagonism.
Numerous studies have been made from time to time in this laboratory on the effect of the plant (barley, peas, cucumbers), on the reaction of the solutions in which the roots are immersed. With several salts, marked changes of reaction are brought about by seedlings. Ammonium salts are especially susceptible to such alteration of reaction, the solution becoming more acid to the extent of approximately pH 3.2. We are indebted to the work of Jacobs u for direct experiments on the mechanism of changes of reaction analogous to those just mentioned. This investigator has shown that ammonium penetrates into the living cell very rapidly, bringing about an increased alkalinity, even when the outside solution is acid.
It was evident that some interest would attach to observations on the effect of ammonium salts on the reaction of Nitella sap. A number of tests were carried out with ammonium sulfate, chloride, and nitrate in low concentrations. As was expected, the 8mmonium ion penetrated rapidly and caused a change of reaction in the cell sap. From 0.005 ~r ammonium salts, the reaction was, in most cases, changed from pH 5.2 to pH 5.6 to 6.2 in the course of 24 hours or less. The cells were injured and exosmosis of chlorine quickly occurred. It happened in one instance that certain cells, immersed for about 12 hours in a 0.005 ~ solution of ammonum sulfate, showed no exostt Jacobs, M. H., Y. Gen. Physiol., 1922-23, v, 181. mosis of chlorine, although the reaction of the sap had been changed, but a few hours later chlorine was found in the solution. The experiments so far made seem to point to a change in permeability with a change of reaction of the sap, very soon followed by outward diffusion of chlorine. The exosmosis of other ions may be much less rapid. For example, when ammonium nitrate was used, chlorine was found in the solution before any sulfate or phosphate had diffused out.
With solutions as dilute as 0.005 ~, the effect of the ammonium salt may be indefinitely delayed with some cells, apparently more resistant than others. Temperature is also very important. Thus in one experiment with 0.005 M (NH4)2SO~, exosmosis of chlorine was detected within 12 hours when the temperature of the solution was maintained at 25°C., while at 10°C., it required several days for the effect to become apparent. The presence or absence of calcium salts in 0.005 molar concentration did not seem to have any easily recognizable influence on the penetration of ammonium from these dilute solutions. Subsequent and more extensive experiments have shown that the amount of C1 diffusing out of the cells may be lessened even by this concentration of calcium.
Investigations on the higher plants prove that the absorption of nitrate almost always proceeds at a more rapid rate than that of any cation, equilibrium in the solution being maintained by the formation of HCO3 ion. In order to determine whether an analogous effect could be demonstrated with Nitella, cells were placed in solutions of KNOB, 0.005 ~t, and KNO3, 0.005 M, plus Ca(NO3)2, 0.005 ~t, and the changes of reaction of the solutions were noted. The cells had previously been in contact with peat water for a long period, and no surface deposits were present. After several weeks, the reactions of the solutions, as determined during the period of photosynthesis, were found to be above pH 9.0, the original reactions being at pH 5.0. In order for this change to occur, NO~ must have been absorbed to a greater extent than the cation with the formation of bicarbonate, and subsequently a high alkalinity developed, conditioned, of course, by the photosynthetic utilization of carbon dioxide.
The question arose as to the extent to which a solution could be freed of chlorine when in contact with Nitella cells. A simple experiment was carried out by placing a large number'of cells in a solution containing 15 parts per million KC1. After several weeks at room temperature, every trace of chlorine had disappeared from the solution, as shown by tests with silver nitrate. In a comparable testwith a dilute solution of potassium nitrate, the nitrate was also completely removed.
Since the different ions are retained in the cell sap at concentrations very much higher than in the surrounding solution, it may be asked whether outward diffusion can take place with normal cells. For this purpose, C1 may be tested for very conveniently. A large number of cells were very carefully washed and then placed in distilled water. No test for C1 was given after 16 days. A faint test present at 9 days disappeared later. No doubt a few injured cells had given up their chlorine, but this was quickly absorbed by the healthy cells. It was thought that the normal permeability might have been maintained in this case by reason of the calcium derived from surface precipitates which regularly accumulate on the cells when growing in tap water. This may be removed by allowing the cells to remain for some time in a very slightly acid extract of peat (which was found to be a very favorable medium). Cells freed in this way of surface deposits of calcium were also placed in distilled water. At the end of 3 days, a slight chlorine test was present, but later the solution was completely freed of chlorine and the cells appeared normal at the end of 3 weeks. Other cells were placed in a solution containing sodium in high concentration (0.1 N NaC1 and 0.01 N CaC12). Tests were made on this solution for the exosmosis of potassium, but the cobalti-nitrite reagent failed to show any trace of this element during the period of 2 weeks. It would seem that these cells under normal conditions possess a unidirectional permeability with reference to such elements as potassium and chlorine.
It will now be desirable to make a very brief comparison of the Nitella cell sap and the juices expressed from more complex plants. It is highly essential to an understanding of the metabolism of such plants to gain some deeper insight into the forms in which the inorganic elements are held by the plant, and no doubt the experiments on Nitella may serve to a certain extent as a guide in the interpretation of the available data. For example, the conductivity of Nitdla sap and of the juices from barley plants grown in a favorable medium of comparable concentration is of similar magnitude, as is the general relation of the cations. The tissues of. different plants have been examined at various stages of growth for water soluble inorganic elements, and we have found that in every case practically all of the potassium is easily soluble in water, as well as the major portion of the other elements, with a few exceptions in the case of calcium. This element is known to form insoluble combinations with organic acids in some plants. Referring to another case, experiments conducted a number of years ago in this laboratory 12 on certain of the giant kelps (Macrocystis pyrifera, and Nereocystis luetkeana) of the Pacific Coast, yielded evidence that the potassium and other inorganic elements were easily soluble in water and that the usual ionic reactions were given. The idea which had often been advanced, that in these plants potassium was held in some sort of organic or non-dissociated form, did not appear to be correct.
On the whole, the presumption is very strong that generally a large proportion of the inorganic elements found in most plants is not in organic combination, and is very likely in dissociated form. It isalso at least suggestive that the greater selectivity for potassium, sodium, and chlorine, than for calcium, magnesium, and sulfate, displayed by Nitella, is paralleled by such plants as barley and wheat. The latter absorb chlorine, for example, very readily, if suitable concentrations are present in the culture medium. The idea which is frequently held that plants simply absorb the essential elements and reject the others has no basis in fact. With transpiring plants, many complications are, of course, introduced, but the essential principles of absorption by cells and those relating to the functions of the inorganic elements are probably not different from those applying to the simpler water plants.
The large buffer effect found in the juices of common plants is, no doubt, the result mainly of the relatively high concentration of organic acid anions in equilibrium with various cations, especially potassium.
While Nitella sap also has a high content of potassium, this is balanced to a large extent by the anion chlorine, instead of by organic anions, and the buffer effect is correspondingly less than that of the higher plants. Considerable new growth of Nitella can be produced in a 12 Hoagland, D. R., J. Agric. Research, 1915, iv, 39. culture solution free of chlorine (except for such traces as are derived from a few dead cells), but it is questionable whether continued normal growth can occur in the absence of chlorine. It is difficult to see what anion could replace it when an ordinary culture solution is used.
Recently, a number of theories have been advanced to explain the "feeding powers" of plants. One of these states that some plants absorb potassium more readily than others from very dilute solutions, because of some sort of precipitation or adsorption of this element in the plant, which brings about a constant flow of potassium inward. It is considered that plants having juices with pH values relatively higher than those of the soil solution are, as a consequence, better able to effect a precipitation of potassium, and are, therefore, better "feeders" in this regard. Nitella offers a direct contradiction to this and similar theories. Absorption of potassium takes place from a very dilute solution of this element without precipitation in the plant, and, moreover, the cell sap has a decidedly more acid reaction than the water from which the plants absorb their inorganic elements.
The general question of selective action by plants as illustrated by Valonia is briefly discussed by Osterhout 1 in a recent article published in this Journal. The conclusion is reached that the selection of potassium b y cells cannot always be explained on the basis of the formation of non-dissociated compounds. It is also evident that it will be necessary to explain the retention in the cell, not only of potassium, but also of chlorine and other ions, both positive and negative. There is, in addition, the difficulty that ions may be absorbed from a surrounding solution of low concentration into a solution of much higher concentration. The mechanism of these processes, in which energy relations may have to be taken into account, is not yet clear. The more definite understanding of selective action must await the outcome of such experiments as those being conducted by Loeb, Osterhout, and other workers in the field of general physiology. It is only by researches of this type that the nature of the chemical reactions fundamental to the study of plant nutrition can be elucidated.
SUMMARY.
1. Chemical examination of the cell sap of Nitella showed that the concentrations of all the principal inorganic elements, K, SO,, Ca, Mg,
